SPP fields are invariant up to a sign change under a rotation by 180  in the plane of the metal surface. However, a radiating dipole can generally consist of components that oscillate in all three dimensions with relative phases 23, 24 . Even though the emission of a dipole into free space is always symmetric 23 , the emission of such dipoles into SPP modes exhibits a rich variety of radiation patterns without angular symmetry. In this letter, we investigate the SPP radiation fields of a general dipole in the vicinity of a metal surface with particular emphasis on the radiation pattern and its asymmetry. In particular, we show how rotating dipoles can give rise to highly asymmetric in-plane SPP emissions. We also show that asymmetric emission arises in the presence of optical losses when the dipole oscillates tilted with respect to the interface.
We consider an oscillating electric point-dipole that is situated on the z -axis at a small distance d away from a metal-dielectric interface in the x, y plane (Fig. 1A) . The SPP fields emitted by an out-of-plane and an in-plane dipole 22 are plotted in Figs. 1B and C, respectively. The plots of the intensity are plotted on a logarithmic scale in powers of 10 to enhance visibility. The SPP fields radiated by an out-of-plane dipole have no angular dependence and are hence symmetric about the origin in both intensity and phase ( Fig. 1B ). An in-plane dipole gives rise to the well-known bimodal radiation field with a cos 2 θ dependence of the intensity (Fig. 1C, right) , where θ is the angle with respect to the axis of the dipole. The SPP fields launched by in-plane dipoles have been directly observed experimentally with near-field probes 1 , quantum emitters 25 and scattering from nanostructures 13 . In contrast to the field of the out-of-plane dipole, the phase of the field radiated by an in-plane dipole is anti-symmetric about the origin, meaning that the sign of the field-vectors changes under the transformation φ → φ + π . Simultaneous oscillation both in-and out-of-plane with the metal surface then results in a superposition of symmetric and anti-symmetric fields, which generally results in non-symmetric field distributions.
We parameterize a general oscillating dipole with strength and real, constant frequency as:
Where , and are the projections of the dipole along the coordinate axes and are described by the angles and . The respective components oscillate with phase shifts, which are defined relative to by and . Far away from the emitter, the SPP electric field radiated by such a general dipole is given by 22, 26 :
where we used cylindrical coordinates ρ,φ, z ( ) (see Fig. 1A ). The index n ∈ 1,2
{ } is used to distinguish between the material that contains the dipole ( n = 1 ) and the material on the opposite side of the interface, containing no dipole ( n = 2 ). The distance of the dipole from the interface d is defined to be positive when the dipole is located above and negative if it is located below the interface on the z -axis.
is the SPP propagation constant, where  1 and  2 are the frequency dependent, complex dielectric constants in the materials containing the dipole and not-containing the dipole respectively. The constants k z,n 2 = k 0 2  n − k SPP 2 for n ∈ 1,2 { } determine the exponential decay of the SPP mode away from the interface, with the root chosen such that Im k z,n { } > 0 and n given according to the location of the dipole as before. M is a coupling constant The time-averaged SPP power radiated per unit angle in-plane ∂P/∂φ is given by: 26
Where is the angular dependence to the SPP radiation pattern of a general dipole:
For general values of
, that is, the angular distribution of power radiated in form of SPPs is asymmetric. The above expression for Φ φ ( ) can be rewritten into components that are symmetric and anti-symmetric upon inversion about the origin: Criterion (I) is fulfilled whenever losses (or gain) are present in the materials, which gives rise to imaginary components of the dielectric constants of the materials. If all dipole components oscillate in phase (or with a πphase shift), the dipole oscillates along a linear axis that is tilted with respect to the interface. In this case, the Φ φ ( ) extinction ratio (i.e. the ratio of the powers emitted towards the two opposing sides of the dipole) is maximal for a tilting angle of the dipole of α = arctan Γ (cf. Eq. 1) and bounded by: ) , again using the notation defined in Eq. 1. Φ φ ( ) then reduces to:
In this case, the emission is maximal in the direction φ = β while it fully vanishes in the opposite direction
) . Fig. 2B shows the SPP fields launched by such a dipole, emitting unidirectionally along the xaxis. In this ideal case, 92.4% of the power is emitted in the x > 0 half-space. The direction of unidirectional emission can be continuously tuned in-plane by changing β , or inverted by changing the phases δ → δ + π ,γ → γ + π . In Fig. 3 we show radiation patterns of a dipole with α = arctan Γ ( ) for various phase shifts δ , γ and angles β , showing the tunable directional launching of SPPs. Following the completion of this work, 27 weakly unidirectional SPP excitation due to this effect was experimentally realized by mimicking a rotating dipole chain with a slit in a metal surface that was illuminated with circularly polarized light at grazing incidence. 24 In conclusion, we have shown that the SPP radiation patterns of a point-dipole near a metal surface are generally asymmetric and exhibit a variety specific to their mode of dipole oscillation. A careful measurement of the SPP radiation pattern, for example using leakage radiation microscopy (LRM) 1, 3, 24, 25 , can be used to make and aligned luminescent materials 29, 30 . Engineered scatterers, such as optical antennas 31 , also offer control over the induced dipole moment that eventually couples to SPP modes 24 Certain single photon sources, such as NVcenters in diamond, have well-understood polarized luminescence properties 32 that could in principle result in asymmetric emission of SPPs. The selective excitation of Zeeman split transitions in atoms near a metal surface may also constitute an avenue to create circularly polarized nearfield sources. Another approach to engineering SPP radiation patterns may consist in engineering the properties of the plasmonic mode (hence the factor Γ ) by changing the environment or frequency of the emitter. The effect of the change in material properties on the SPP radiation pattern may then be used for novel sensors or beam steering applications. We note that asymmetry can arise also from higher order corrections to the dipole approximation, such as magnetic dipole and electric quadrupole transitions, though those emission channels are typically much weaker and beyond the scope of this paper. The values of β are: (1) β = 0 , (2) β = π / 3 and (6) β = π / 2 . The dielectric constants, dipole strength and frequency are the same as in Fig. 1 and 2 . The motion of the dipoles is plotted in the center and bottom parts of the figure in diagrams labeled from (1) to (6) . The motion of the dipole is shown in blue, with the projections of the trajectory on the , and plane shown in red (arbitrary units).
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